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Pohjoinen jäämeri sekä sen vuorovaikutukset Luoteis-Euroopan merien kanssa vaikuttavat Pohjois-Euroopan 
ilmastoon. Framin salmi 2600 m kynnyssyvyydellään on Pohjoisen jäämeren ainoa syvä yhteys muihin maailman 
meriin. Syvien vesien vaihdon lisäksi Framin salmen kautta kulkeutuu Pohjoiselta jäämereltä Luoteis-Euroopan 
meriin huomattava määrä kylmää ja vähäsuolaista pintavettä sekä merijäätä. Framin salmen kautta virtaa myös osa 
pohjoiseen kulkeutuvasta lämpimästä ja suolaisesta Atlantin vedestä tuoden lämpöä Pohjoiselle jäämerelle. 
Tutkimuksessa tarkastellaan Framin salmen vedenvaihtoa ja Framin salmessa sekä sen läheisyydessä 
tavattavien vesimassojen ominaisuuksia ja vesimassoissa havaittuja muutoksia. Hydrografinen havaintoaineisto on 
kerätty laivoilta käsin kolmen vuosikymmenen aikana, vuosina 1980-2010. Kuljetukset arvioidaan laskettujen 
geostrofisten nopeuksien perusteella. Tutkimuksen tärkein hydrografisista luotausasemista muodostuva 
poikkileikkaus kulkee Framin salmen poikki noin pitkin 79° pohjoista leveyspiiriä. Muutamana vuonna 
havaintojakson aikana on mahdollista arvioida Framin salmen kuljetuksia ja Atlantin veden resirkulaatiota eli 
kiertämistä salmessa takaisin etelään yhdistämällä Framin salmen poikkileikkaus pohjoisemman itä-länsisuuntaisen 
poikkileikkauksen tai Greenwichin meridiaania pitkin kulkevan poikkileikkauksen kanssa ja vaatimalla tasapaino 
poikkileikkausten välisille kuljetuksille. Samoin tutkimuksessa arvioidaan kuljetuksia Framin salmen ja Luoteis-
Euroopan merien välillä yhdistämällä hydrografinen poikkileikkaus Framin salmessa toiseen, pitkin 75 ° pohjoista 
leveyspiiriä kulkevaan ja Grönlanninmeren ylittävään poikkileikkaukseen. Kuljetusarviota muokataan 
Grönlanninmerellä ajelehtivien Argo-poijujen liikkeen perusteella. Tutkimuksessa käytettävillä menetelmillä 
arvioidaan Framin salmen nettotilavuuskuljetusten olevan keskimäärin alle yhdestä Sv noin kolmeen Sv etelään. 
Tutkimuksessa arvioidaan, että lämmön menetys ilmakehään kahden poikkileikkauksen väliseltä alueelta 
sekä pohjoiseen että etelään Framin salmesta on noin 10 TW. Makean veden nettokuljetuksen Framin salmen kautta 
arvioidaan olevan 60-70 mSv etelään. 
Luoteis-Euroopan merillä muodostuvan Arktisen keskisyvän vesimassan (AIW) kuljetus pohjoiseen 
tunnetaan huonosti. Tutkimuksessa AIW voidaan erottaa vuoden 2002 havaintoaineistosta Pohjoisella jäämerellä 
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Grönlanninmerellä myös suolaistuneet tutkimuksessa havainnoidun kolmen vuosikymmenen aikana. Framin salmessa 
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The cold and remote Arctic has continued to be an inspiring subject of oceanographic 
studies for over a century. Nansen's expedition with the ship Fram during 1893-1896 
produced observational data about the waters in the Arctic Ocean (Nansen, 1902). 
Russian / Soviet floating ice stations have collected data inside the Arctic Ocean year-
round since 1937 (Treshnikov et al., 1977). Later generations of oceanographers have 
continued to make observations, adding details and making corrections to circulation 
schemes of the Arctic Mediterranean (i.e. the Arctic Ocean and Greenland, Iceland and 
Norwegian Seas; Fig. 1) (e.g. Worthington, 1953; Coachman and Barnes, 1963; 
Aagaard, 1981; Rudels et al., 1994; Proshutinsky et al., 2015), and documented changes 
in the water mass properties (e.g. Aagaard et al., 1985; Schlichtholz and Houssais, 
2002; Rudels et al, 2013; Somavilla et al., 2013). Models are used to compensate for the 
spatially and temporally sparse observational data and to help understand the past and 
present processes and changes with an aim to predicting the future (e.g. Karcher et al., 
2012; Spall, 2013; Nummelin et al., 2015). 
Climate change has increased the interest in the Arctic Ocean, not just from a 
scientific point of view but also from an economic one. A northern sea-route could be 
utilized, and natural resources exploited, in a less ice-covered Arctic. In societal terms, 
predictions of future environmental changes are of great assistance in preparing for 
change, or for trying to mitigate the changes through political decision-making. In order 
to predict the future, the present system needs to be understood. The oceans act as a 
buffer for the changes in the concentration of the greenhouse gas carbon dioxide (e.g. 
Tanhua et al., 2009), but their buffering capacity has limits and the oceans are at the 
same time undergoing changes, e.g. acidifying (Orr et al., 2005). Another important 
greenhouse gas methane is being released from the subsea permafrost in the warming 
Arctic shelves (Shakhova et al., 2014). The Arctic Ocean sea ice has been observed to 
have declined in the past few decades in its coverage, thickness and volume (Kwok et 
al., 2009; Stroeve et al., 2014). As the highly reflective sea ice and snow cover is 
diminishing and more dark ocean surface is exposed, more sunlight is absorbed, 
warming the surface waters and amplifying the warming effect further (e.g. Holland et 
al., 2012). The Arctic Ocean is predicted to be nearly ice-free during summertime 
within the next couple of decades (Overland and Wang, 2013). Understanding how the 
Arctic Ocean and its sensitive ecosystems function, from planktonic scales (Arrigo et 
al., 2008) to marine mammals (e.g. Bromaghin et al., 2015), will help to minimize the 
damages inflicted on them by human activity in a changing Arctic environment. An 
improved understanding of the Arctic Ocean is also important from a commercial point 
of view for e.g. helping to secure safe navigation and operations (Stephenson et al., 
2013). 
The Arctic Ocean and the thermohaline circulation influence the north-European 
climate (Serreze et al., 2006; Srokosz et al., 2012). The thermohaline circulation brings 
warm and saline waters from lower latitudes, where the high salinity is created by 
evaporation exceeding precipitation, to higher latitudes. The waters cool and due to their 
increasing density then sink, mix, and return southward along the ocean floor, 
ventilating and renewing the deep waters of the oceans (Rahmstorf, 2006; Dickson et 
al., 2008). About 7.4 ± 1.1 Sv (1 Sv = 106 m3/s) of the saline and warm Atlantic Water 
(AW) flow north-eastward and enter the Nordic Seas (Greenland, Iceland and 
Norwegian seas) across the Greenland-Scotland Ridge with a maximum sill depth of  
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Figure 1: Bathymetric map of the Arctic Ocean and the Nordic Seas. See list of Abbreviations 
for the description of the acronyms. Modified from paper III, originally adapted from 
Encyclopedia of Ocean Sciences, 2nd ed., 2008. 
 
slightly over 800 m, with some additional flow over continental shelf areas (Jónsson 
and Valdimarsson, 2012; Berx et al., 2013; Hansen et al., 2015) (Fig.2). Part of the AW 
takes part in the formation of Arctic Intermediate water (AIW) in the Nordic Seas 
through convection (e.g. Swift and Aagaard, 1981), and leaves the Nordic Seas as dense 
overflow waters (Dickson et al., 2008); a part enters the Arctic Ocean through the 
Barents Sea (e.g. Ingvaldsen et al., 2004) and the Fram Strait (e.g. Rudels, 1987), and a 
further part of AW recirculates in the Fram Strait (e.g. Bourke et al., 1988; Manley, 
1995). 
The Fram Strait branch of AW that continues into the Arctic Ocean loses a large 
amount of heat just north of Svalbard, in an area called Whaler's Bay (Wiig et al., 
2007), to ice melt and to the atmosphere (Rudels et al., 1999; Tetzlaff et al., 2014) and 
continues along the continental slope to the east. The Barents Sea branch is cooled and 
freshened in the Barents Sea and enters the deep Arctic Ocean via the St. Anna Trough 
north of the Kara Sea (Rudels et al., 1994; Dmitrenko et al., 2015). Both branches 
circulate the Arctic Ocean basins anticlockwise (Rudels et al., 1999). The surface waters 
in the Arctic Ocean have low salinity, from about 24 to 34 psu, due to ice melt, river 
runoff and Pacific inflow (e.g. Rudels et al., 1996). The upper part of AW is diluted by 
ice melt and cooled in the Nansen Basin to freezing temperature. It becomes the Arctic 
Ocean lower halocline water at about 200 m depth as it continues eastward and is  
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Figure 2: Arctic Ocean and Nordic Seas surface circulation. See list of Abbreviations for the 
description of the acronyms. From paper III, originally adapted from Encyclopedia of Ocean 
Sciences, 2nd ed., 2008. 
 
overrun by less dense shelf water (Rudels 1996; Karcher and Oberhuber, 2002; Rudels 
et al., 2004; 2005) (Fig. 3). The Arctic Ocean upper halocline is formed by Pacific 
waters (Jones and Anderson, 1986). Part of the AW recirculates in the Nansen and 
Amundsen basins and a smaller part continues along the continental slope into the 
Canadian basin (Rudels et al., 2001; 2013 ). The Fram Strait branch is mostly limited to 
the Nansen Basin (Rudels et al., 2013). In the Canadian Basin the warm and saline AW 
is still seen in the temperature and salinity diagrams (θS diagrams) as a temperature 
maximum, with the lower halocline water originating in the Nansen Basin as a 
temperature minimum above it and intermediate water originating from the Barents Sea 
as a cold and fresh layer below it (Fig. 4, from paper III, Fig. 7). The Arctic Ocean deep 
waters are modified slowly and take 200-300 years to ventilate (Tanhua et al., 2009). 
The exchanges between the Arctic Ocean and the rest of the oceans take place 
through: the Bering Strait, with a flow into the Arctic Ocean of 0.4-1.2 Sv (1 Sv = 106 
m3/s) of strong seasonal variability (Woodgate et al., 2005) and an increasing trend of 
0.03 ± 0.2 Sv / year (Woodgate et al., 2012); the Canadian Arctic Archipelago (CAA), 
with a net export out of the Arctic estimated as 1.6 ± 0.2 Sv through the Davis Strait and 
with an additional outflow of about 0.1 Sv through a narrow Fury and Hecla Strait 
(Curry et al., 2014); the Barents Sea Opening, with 2.3-3.3 Sv into the Arctic (the most 
recent estimates are from the higher end), of which 0.8-1.8 Sv is estimated to be carried  
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Figure 3. Potential temperature (θ) and salinity (S) profiles and a θS diagram from the 
Greenland Sea (gray), eastern Fram Strait (brown), and Arctic Ocean: Nansen (red), Amundsen 
(green) and Canada (purple) basins in 2013. 
 
 
Figure 4: θS diagram of the Chinare 2008 cruise on XueLong section N located on the western 
side of Chukchi Borderland. The arrow points out the lower halocline water originating from the 
Nansen Basin. AW is seen as a temperature maximum close to 1 °C. From paper III, Figure 7. 
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by the Norwegian Coastal Current (NCC) (Skagseth et al., 2011, Smedsrud, et al., 2013; 
Rudels et al., 2015); and the Fram Strait, with a net flow out of the Arctic (e.g. Fahrbach 
et al., 2001; Schauer et al., 2004; Fieg et al., 2010), and which is the only deep passage 
between the Arctic Ocean and the rest of the oceans. When considering the water 
budget of the Arctic Ocean, river runoff and precipitation minus evaporation need to be 
taken into account. Serreze et al. (2006) estimated the freshwater input to the Arctic 
Ocean from the rivers and precipitation at 0.15-0.20 Sv. The amount of meltwater from 
glaciers inside the Arctic Ocean equals to about 5% of the river runoff and is not 
significant (Carmack et al., 2015). (Fig 5). 
Heat transport can be estimated for a region if the mass transport is balanced. 
Volume or mass transports through a section often are imbalanced, and the estimated 
heat transport will depend on the temperature scale and becomes arbitrary (e.g. Schauer 
and Beszczynska-Möller, 2009). The whole Arctic Ocean or all its entrances need to be 
covered synoptically to be able to estimate the heat transport at any of the entrances. 
Such an attempt was made by Tsubouchi et al. (2012) from 2005 summer data. They 
obtained a heat flux for the Arctic Ocean of 189 ± 26 TW (lost to the atmosphere), with 
close to half carried through the Barents Sea Opening and a quarter through the Fram 
Strait. The mass transport in the Arctic Ocean transport computations is often not 
balanced. Heat and freshwater transports have then been estimated relative to a 
reference temperature and salinity. The often used mean temperature and salinity of the 
Arctic Ocean, -0.1 °C and 34.80 respectively, have been estimated from rather sparse 
and early data, but also other more local reference values have been used (e.g. Aagaard 
and Greisman, 1975; Aagaard and Carmack 1989; Schauer and Beszczynska-Möller, 
2009; Rabe et al., 2009; 2013). 
This work focuses on the exchanges through the Fram Strait estimated from a 
geostrophic method, and on the changes in the water masses present. In the Fram Strait 
a northward flow is present in the east carried by the West Spitsbergen Current (WSC) 
and a southward flow in the west carried by the East Greenland Current (EGC) (e.g. 
Aagaard et al., 1973; Foldvik et al., 1988) (Fig. 2). The net volume transport in the 
Fram Strait is southward. Waters with properties from the Arctic Ocean as well as 
waters with properties from the Nordic Seas are found in the strait. They are modified 
en route to the Fram Strait, but also interact within the strait (von Appen et al., 2015). 
Brine rejection due to ice formation causes dense water to cascade over the continental 
shelves; occasionally such dense and saline water is present in the eastern part of the 
Fram Strait (Rudels et al., 2005; Skogseth et al., 2005). The bottom features in the Fram 
Strait are variable, with the deepest parts close to 2600 m, and partly direct the flow 
(Jakobsson et al., 2012; von Appen et al., 2015). Both baroclinic and barotropic eddies 
are present in the strait (e.g. Teigen et al., 2011). 
Most of the ship-borne observations in the Arctic and sub-Arctic waters are from 
summer. The volume transport, as well as its variations, has been estimated from a 
mooring array of current meters in the Fram Strait maintained regularly since 1997, and 
although a winter maximum has been found in the WSC, no clear trend for the net 
volume through the whole strait has been found (Fahrbach et al., 2001; Schauer et al., 
2004; Schauer and Beszczynska-Möller, 2009; Fieg et al., 2010). However, de Steur et 
al. (2014) find a seasonal signal in the EGC with summer minimum and winter 
maximum, as well as a reduction in variability, after the mooring array's location has 
been altered in 2002 from 79 °N to 78 °50 'N. This seasonality is also reflected in the 
net volume transport until 2006, but after that gets less clear (see Schauer and 
Beszczynska-Möller, 2009, Fig. 5). 
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Figure 5: Map of the Arctic Mediterranean with the net volume fluxes at the entrances of the 
Arctic Ocean. Positive values = net inflow to the Arctic Ocean, negative values = net outflow 
from the Arctic Ocean. Modified from paper I based on values by various authors presented in 
the Introduction and Conclusions. 
 
Several estimates have been given for the Fram Strait heat and freshwater 
transports relative to reference temperatures and salinities. A way of avoiding the 
problematics involved with this is to form a closed, balanced, box. Often synoptic data 
are not available for the whole Arctic or its entrances, and a closed box cannot be 
formed. In this work two smaller closed areas in the vicinity of the Fram Strait are 
formed and the heat loss from them is then estimated. Ice and freshwater are transported 
southward through the Fram Strait by less than or about 100 mSv each (e.g. Vinje, 
2001; Kwok et al., 2004; Dickson et al., 2007; Rabe et al., 2013; Carmack et al., 2015). 
Estimates for the liquid freshwater transports are here computed based on the 
geostrophic method. 
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2 Goals of the study 
 
The primary goal of this study is to estimate the transports through the Fram Strait from 
geostrophic computations (Table 1). There are other estimates for this, both from 
observations and models. These values will mostly provide a summertime minimum 
and add to the ensemble of estimates. The volume transports when put together with 
estimates made at the other Arctic Ocean entrances, i.e. the Barents Sea Opening, the 
Bering Strait and the CAA, contribute to the formulation of a volume budget for the 
Arctic Ocean. In paper V two zonal hydrographic sections, one in the Fram Strait and 
the other in the Greenland Sea, are combined to study the exchanges between the 
Nordic Seas and the Arctic Ocean. The transport estimates are adjusted with drift 
estimates based on Argo floats. 
Besides the amount of water transported through the Fram Strait, the water mass 
properties are also studied. Three decades of observations provide an opportunity to 
study the changes in the properties. The warming of the deep waters noted by e.g. 
Budéus et al. (1998) in the Greenland Sea, Langehaug and Falck (2012) in the Fram 
Strait and Rudels et al. (2013) in the Arctic Ocean is present. The intermediate waters 
originate from open ocean convection in the Nordic seas (AIW) and from slope 
convection related to brine release on the shelves inside the Arctic Ocean (upper Polar 
Deep Water, uPDW). The intermediate waters of the two origins present in the Fram 
Strait are distinguished in paper II using the excess amount of transient tracer sulphur 
hexafluoride (SF6), and their proportions are estimated for 2002. 
Not all of the northward flow in the Fram Strait continues into the Arctic Ocean, 
but a part of it recirculates south-westward. Estimates for the amount of AW 
recirculation exist from the 1980s, but an update to those estimates from newer data is 
in order considering the changes in the water mass properties and possibly also in the 
circulation. 
A significant amount of the oceanic heat transport into the Arctic Ocean is 
carried by the AW (e.g. Rudels, 1987). An attempt is made in paper I to estimate the 
heat flux through the Fram Strait relative to the annually varying mean temperature of 
the southward flow (flow out of the Arctic Ocean). This choice would then give the 
largest transport of heat through the strait as the cold outflow is larger than the warmer 
inflow to the Arctic Ocean. Without balancing the other entrances to the Arctic Ocean 
the results are still rather arbitrary. Another goal is therefore set to estimate the heat loss 
north of the Fram Strait (paper IV) and later in paper V inside a quasi-closed area 
between the Fram Strait and the Greenland Sea that can be computed without the results 
affected by the choice of a reference temperature. 
The amount of freshwater, in liquid form, leaving the Arctic Ocean through the 
Fram Strait is also estimated. It is less sensitive to the choice of reference salinity than 
the heat transport to reference temperature and a net transport (southward) of freshwater 
can be estimated as well as the gain / loss inside an area bound by two hydrographic 
sections and slopes to the east and west. 
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Table 1: Goals of the study. FS = Fram Strait, GS = Greenland Sea. 
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Estimated in 













double in and 
north of FS 
Double 
sections in 























































3.1 Forces and motions in the ocean 
 
According to Newton's second law of motion a non-zero external force acting on a 
system changes the motion of the system directly proportionally to the force and in its 
direction 
 
maF           (1) 
 
where F is the force, m is mass and a is acceleration. 
Forces in the ocean can be divided in two classes, ones that cause motion, and 
ones that result from motion. The primary forces causing motion in the ocean are 
gravitation, wind stress (tangential i.e. friction, or normal i.e. pressure), atmospheric 
pressure, and seismic. The secondary forces resulting from motion are the Coriolis force 
and friction. The Coriolis force is an apparent force caused by Earth's rotation, which 
acts perpendicular to the velocity of a moving body on the surface of the Earth (Pond 
and Pickard, 1983). The forces per unit mass thus giving the acceleration term a can be 





      (2) 
 
where ρ is density, p is pressure, Ω is the angular velocity of the Earth (7.292·10-5 
rad/s), V is velocity, g is acceleration due to gravity (about 9.8 m/s2) and Fo  are the 
other forces present. Pond and Pickard (1983) also present equation (2) written for x 










































where u and v are the horizontal, and w the vertical velocity components, and φ is 
latitude. 
3.2 Geostrophic currents 
 
The word geostrophic derives from Greek, meaning 'earth turned'. Geostrophic currents 
result from the balance in the water mass between the pressure and Coriolis terms in 
equation (3). A steady state is assumed. The vertical terms are small and left out 


































where ug and vg are the horizontal components of geostrophic velocity. The equation for 
the z direction can be written as  
 
dzgp   .         (5) 
 








that is the inverse of density is called specific volume. The difference between the in 
situ specific volume and the specific volume of seawater at the same pressure with S = 
35 and T = 0 °C is called specific volume anomaly: 
 
   ppTS ,0,35,,   . 
        
Velocities are computed between two hydrographic stations at distance dx apart, 
solving the vg from equation (4) (Pond and Pickard, 1983). The direction of the flow is 
from high to low pressure, and turned to the right (in the northern hemisphere) by the 
Coriolis force. Absolute velocities cannot be obtained, but a velocity profile relative to a 
constant value (traditionally a zero level, other values can be used if information is 
available from, for example, current meters) is obtained between the two stations 
perpendicular to the line connecting the stations. 
 
3.3 Ekman velocities 
 
The wind stress τ over the ocean makes the surface water move, causing Ekman 
transports in the upper layer of the ocean. The wind-forced movement diminishes with 
depth and veers to the right, reaching down a few tens of meters in a spiral-like manner 
called the Ekman spiral. Taking the horizontal equations of motion in equation (3), with 
the small vertical terms removed, and setting the last term to consist of surface friction 
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With the steady state assumed and the geostrophic part (equation 4) removed, the 























sin2        (7) 
 
where vE and uE are horizontal Ekman velocity components. Integrating vertically over 
depth gives the Ekman transport. 
Over the sea bottom similar Ekman spiral currents are created by friction, but in 
the opposite direction than at the surface. 
 
3.4 Volume, heat and freshwater transports 
 
The transports of volume, heat and freshwater or salt in the ocean can be estimated if 
the velocities, as well as the temperature and salinity properties of the water, are known. 
The volume transport through a section in the ocean is computed, after velocities have 


















       (8) 
 
where N is the number of stations in the section, dh is the pressure step the hydrographic 
values are averaged for, H is the number of pressure layers dh in a station half i, l is half 
of the width between every two neighbouring hydrographic stations, geostrophic 
velocity is computed between the two stations, and L and R stand for the left and right 
sides of a CTD station (Fig. 6). 
In order to estimate the heat transport for the Arctic Ocean, a mass balance is 
required. There have been attempts (Tsubouchi et al., 2012) at closing the budget for the 
Arctic Ocean, but mostly the transports have been estimated using a reference 
temperature, resulting in a quantity sometimes referred to as relative heat transport 
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where c is the specific heat capacity of water (in this work taken to be a constant 4000 
Jkg-1K-1) and θ is potential temperature at 0 dbar pressure and θRef is the reference 
temperature. The velocities are computed between the stations whereas the temperature 
and salinity values are obtained at the stations. The velocities are assumed constant 
between the two stations and the hydrographic properties are assumed to extend on both 
sides of the station to halfway between it and the neighbouring stations on either side 
(Fig. 6). 
The choice of a reference salinity for freshwater estimates is less sensitive and 
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where Sij is salinity and SRef is the reference salinity. 
 
 
Figure 6: Schematic of CTD stations, θ and S properties, geostrophic velocities and Jacobsen 
and Jensen (J-J) extension. H is the number of thickness layers dh and l is half of the width 
between two neighbouring CTD stations. 
 
3.5 Water mass properties and changes 
 
Waters of different origin can be distinguished based on their temperature and salinity 
properties (Nansen, 1902; Helland-Hansen, 1918; Sverdrup et al., 1942; Mamayev, 
1975; Emery and Meincke, 1986). Other additional parameters, e.g. oxygen, phosphate, 
nitrate, silicate (Jones and Anderson, 2008; Tanhua et al., 2009) or transient tracers such 
as chlorofluorocarbons (CFCs) or sulphur hexafluoride (SF6) of anthropogenic origin 
can also be used (Bönisch and Schlosser,1995; Watson et al., 1999). 
The properties of the water masses can be used to trace them to their areas of 
formation and thus information about the ocean circulation can be obtained. The 
observed changes in the water masses are a combination of changes undergone in the 
area of formation of the water mass, i.e. warming due to atmospheric warming, and of 
changes undergone by the water mass along the way. Distinguishing between the two 
can be difficult. Using tracers can be useful for following circulation patterns and for 
distinguishing water masses of different origin (e.g. Karcher et al., 2012). 
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Water masses represented in a θS diagram inside a triangle can be separated into 
fractions between 0 and 1 of source water whose temperature and salinity properties are 
located at the vertices of the triangle (Mamayev, 1975) (Fig. 7). Heat conduction and 
diffusion, and advection are not included in the triangle computations. The fractions f 













         (11) 
 
The water masses in the Fram Strait and in the Nordic seas are shortly described 
in the methods section 5.7.  
 
Figure 7: An example of water mass triangles. All the (Si,θi) values inside a triangle can be 
expressed with fractions of the potential temperature and salinity values at the vertices (equation 




4.1 Hydrographic data 
 
The core of this work is based on hydrographic observations made onboard research 
vessels with profiling CTD (Conductivity, Temperature, Depth / pressure) instruments. 
The CTD system typically involves an underwater unit with sensors, a frame that the 
underwater unit and water sampler are attached to, a winch and a cable used for 
lowering the CTD to the sea, a deck unit, and related software. Salinity, the amount of 
dissolved salts in the water, is computed from conductivity, temperature and pressure. 
The data are processed using coefficients from factory / laboratory calibration and 
salinities obtained from the water samples, and analysed with a salinometer. Missing or 
erroneous near surface values are extrapolated to the surface using constant values. The 
largest error spikes in salinity are removed. 
Observations from the Fram Strait and its vicinity as well as from the Greenland 
Sea are used to study water mass properties and to estimate transports of volume, heat 
and freshwater. The transports are computed through sections consisting of CTD 
stations (Table 2). This allows for forming rather long time series with better horizontal 
and vertical resolution than from the current meter moorings present at the strait. Eddies 
can still pass the section without being fully recognized if they are only observed in one 
station due to sparse station spacing. Helland-Hansen (1918) pointed out already in 
1904 how the removal of a single station from between two others may entirely alter the 
appearance of the section. The temporal resolution from hydrographic sections is worse 
(usually once a year) and biased due to most observations being from summertime 
(Schauer and Beszczynska-Möller, 2009, Fig. 5; de Steur et al., 2014). 
In paper I 16 hydrographic sections from 1980-2005 are obtained in the Fram 
Strait along about 79 °N, reaching from the Greenland shelf to the slope west of 
Spitsbergen. In papers II and IV two hydrographic sections at latitudes between 81 °18 
'N and 82 °20 'N from IB Oden are combined to reach from north of Svalbard to the 
Greenland shelf. In papers III (preliminary results) and IV, additional hydrographic 
sections north of the 79 °N section in the Fram Strait are available for the years 1984, 
1997 and 2004, from which the highest latitude in 2004 at about 83 °N, can be 
combined with the 79 °N section. In paper IV a meridional section at 0 °E has been 
taken for the years 1997, 2001 and 2003. In paper V two hydrographic sections, one 
across the Fram Strait at about 79 °N and the other at 75 °N in the Greenland Sea are 
combined for years 1999-2002, 2004, 2005, 2008 and 2010 (Figs. 8, 9). 
Auxiliary CTD data are used for studying the water mass properties from the 
late 1970s to 2013 varyingly from the Greenland Sea, the Fram Strait and the 
Norwegian Sea, and from the Arctic Ocean in paper V. Data from the Arctic Ocean 
taken by MV XueLong in 2008 are studied in paper III. Most data available are from 
summertime (June to September). 
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Table2. Cruises and years for full sections discussed in the included papers. 








IB Ymer 1980 20 - - I, III 
RV Lance 1983 23 - - I, III 
RV Lance 1984 20 - 27 I, III, IV 
RV Polarstern 1988 18 - - I, III 
RV Polarstern 1993 17 - - I, III 
RV Lance 1997 18 - - I, III, IV 
RV Polarstern  1997 -  24 IV 
RV Polarstern 1998 34 - - I, III 
RV Polarstern 1999 34-38 60 - I, III, V 
RV Polarstern 2000 36 57 - I, III, V 
RV Lance 2000 31-35 - - I, III, V 
RV Polarstern 2001 39 - - I, III, V 
RV Polarstern 2002 72-73 - - I, III, V 
IB Oden 2002 - - 21 II, III 
RV Polarstern 2003 50 - - I, III 
RV Lance 2003 32 - - I, III 
RV Polarstern 2004 49-51 55 35 I, III, IV, V 
RV Polarstern 2005 74-76 56 - I, III, V 
RV Polarstern 2008 58 52 - V 
RV Polarstern 2010 79 62 - V 
 
Figure 8: Section / station locations. The standard sections in the Fram Strait at about 79 °N and 
in the Greenland Sea at 75 °N vary in length annually, the maximum coverages are shown. All 




Figure 9a: Potential temperature sections for 2004. Northern, Fram Strait and Greenland Sea 




Figure 9b: Salinity sections for 2004. Northern, Fram Strait and Greenland Sea sections. From 
papers IV and V. 
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4.2 ADCP data 
 
The currents in the ocean can be measured directly using an Acoustic Doppler Current 
Profiler (ADCP). The CTD frame on IB Oden in 2002 was equipped with dual (upward 
and downward looking) 300-kHZz RDI Workhorse ADCPs. On the two northern 
sections in papers II and IV the currents were measured using this lowered ADCP 
(lADCP). Vessel-mounted ADCP data from a narrow band 150 kHz ADCP from RD 
instruments are available from RV Polarstern in 2004 reaching from 25 m to a 
maximum depth of 425 m. Both lADCP and vessel-mounted ADCP data were 
processed and subsequently detided by subtracting tidal velocities obtained from a high-
resolution barotropic inverse tidal model (Padman and Erofeeva, 2004). 
 
4.3 Argo data 
 
Argo is a pilot program of the Global Ocean Observing System. Close to 4000 Argo 
floats are currently drifting with the ocean currents worldwide. The Argo floats are set 
to float at a fixed pressure and are equipped with sensors (to obtain at least temperature, 
salinity and pressure) to measure profiles every 10 days between a maximum depth of 
2000 dbar and the surface. Most of the floats used in this study had a parking depth of 
1000 dbar where they float with the currents. Argo data are collected and made freely 
available by the international Argo program (http://www.argo.net). Argo data are 
available online for the Greenland Sea from 2001 onward and for the Fram Strait from 
2006 onward. 
 
4.4 Tracer data 
 
Transient tracer sulphur hexafluoride (SF6) was released in a mixing experiment in the 
Greenland Sea in 1996 in the intermediate water layer, and spread from the source of 
release with circulation (Watson et al., 1999). It also has an atmospheric, anthropogenic 
origin, mainly industrial. In 2002 SF6 was still present in and near the Greenland Sea in 
concentrations exceeding the anthropogenic background levels. It was sampled on the 
Oden cruise with water sample bottles attached to the CTD frame, its concentration was 
determined with purge-and-trap pre-treatment and electron-capture-detection, and the 
atmospheric concentration was removed to produce an excess SF6 concentration. Excess 
SF6 concentrations between positive values are linearly interpolated to match the CTD 
pressure interval of 1 dbar and linearly extrapolated to go to zero from the deepest and 
shallowest positive values. 
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5 Data analysis methods 
 
5.1 Geostrophic computations 
 
Geostrophic velocities are computed to obtain volume transports through hydrographic 
sections. The geostrophic method assumes a balance with the pressure and Coriolis 
terms in equation (3), and ignores the barotropic, pressure independent component. A 
velocity shear is obtained, but no absolute velocities. Traditionally a level of no motion 
is chosen. Here we start by setting velocity to zero close to the bottom in all cases 
except for paper II, in which a zero value is applied to the surface velocity at the eastern 
section. 
 
5.2 Jacobsen and Jensen extension near bottom 
 
The geostrophic velocities are computed between two neighbouring stations with the 
depths of the station casts often unequal. Some deep transports are therefore missed at 
the deeper station cast of the station pair. The method of Jacobsen and Jensen (1926) is 
used to estimate the velocities at the deeper station at all levels j located below the 
deepest common level of the station pair (where i represent the shallower station and 
i+1 the deeper) by extrapolating the difference in the specific volume anomalies δ 
between the two stations at the level of the bottommost measurement of the shallow 
station to the bottom of the deeper station. The velocity is obtained by dividing the 
anomaly difference Δδi by the distance Li between the stations and by the Coriolis term f 
(f = 2Ωsinφ), and multiplying by a depth-dependent sum. For layers j of thickness dh 
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where j = 1, …, ΔHi/dh and ΔHi is the difference between the bottom depth of the deep 
station and the bottom depth of the shallow station. 
Direct current observations in the Fram Strait have shown a northward flow in 
the WSC at the eastern slope and a southward flow in the EGC at the western slope 
(Aagaard et al., 1973; Fahrbach et al., 2001; Schauer et al., 2004). The velocity on the 
slopes is therefore set to zero at either the bottom of the shallow station cast or at the 
bottom of the deep station cast in order to have the flow in that part that is deeper than 
the maximum depth of the shallow station move northward in the east and southward in 
the west, i.e. in the direction indicated by the direct current observations (see paper IV, 
Fig. 6). 
 
5.3 Constraints and minimization 
 
The transports estimated from geostrophy without knowledge of the actual 
velocities at any depth are improved by setting constraints on the transports and using a 
variational method (Wunsch, 1978; Houssais et al., 1995). In paper I with only one 
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section available the deep transports are assumed constant for years 1980 to 2005 in the 
Fram Strait and a net volume transport of 0.4 Sv southward of deep water with σθ ≥ 
28.06 kg/m3 is required, consisting of volume transports of 0.2 Sv northward and 0.6 Sv 
southward with mean salinities 34.91 and 34.9325 respectively, providing an additional 
constraint for net salt transport. The constraints are mainly applied to ensure that the 
more saline Arctic Ocean waters to the west would flow southward and the less saline 
Nordic Seas waters in the east northward when the kinetic energy in the next step is 
minimized and the flow field solved for the two constraints below the 28.06 kg/m3 
isopycnal. 
In paper II two zonal sections north of the Fram Strait separated by a gap are 
combined for 2002. The velocities are set to zero at the bottom of the western section 
and at the surface of the eastern section. No constraints for the deep part can be set due 
to the gap. An additional constraint is required for the part of the eastern section 
crossing the Sofia Deep allowing no net transport across the Sofia Deep below 700 dbar 
(Figs. 1, 8). 
In papers IV and V two zonal sections are available and conservation constraints 
are formulated on quasi-closed boxes in a way similar to Houssais et al. (1995)  
 
CdxdzzxRzxvdxdzzxRxv bcb   ),(),(),()(

    (13) 
 
where vb(x) is the depth-independent barotropic velocity, vbc(x,z) is the 
baroclinic velocity from the geostrophic computations, R is either S for salt transport, θ 
for heat transport or 1 for volume transport and γ stands for the area of the CTD sections 
on which the constraint is applied. In papers IV and V the boxes are assumed to have no 
sources or sinks and the constraints C become equal to zero.  
The constraints are as follows in paper IV: 1) Salt is conserved in the whole box, 
which allows for freshwater input or output in the area e.g. due to ice melt or formation, 
2) volume, 3) salt and 4) heat are conserved below isopycnal 28.06, i.e. below the 
influence of atmosphere and local convection as well as separated from the Sofia Deep 
east of the Yermak Plateau, and above the Fram Strait sill depth, 5) volume is conserved 
in the northern section below the Fram Strait sill depth, 6) volume is conserved in the 
Sofia Deep below the depth at which waters are not expected to cross between Sofia 
Deep and the Fram Strait proper (See Fig. 8, years 1984-2004 for the section locations). 
In paper IV two additional boxes are formed to estimate the recirculation (See 
paper IV, Fig. 4), where transports are estimated through a meridional section. The 
constraints 2) - 4) are applied. 
The constraints in paper V are 1) salt is conserved in the whole box, 2) volume 
and 3) salt are conserved below the approximate maximum Greenland Sea convection 
depth during the observation period, and above the Fram Strait sill depth, 4) volume is 
conserved in the Greenland Sea below the Fram Strait sill depth. 
The barotropic velocity components vb are computed by minimizing the kinetic 
energy of the barotropic part using the method of Lagrangian multipliers (Lanczos, 
1970; Wunsch, 1978; Stommel and Veronis, 1981). The barotropic reference velocities 
are determined by solving the Moore-Penrose inverse. 
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5.4 Transports from ADCP velocities 
 
Current velocities can be directly measured with ADCP instruments. In the Fram Strait 
an array of moored current meters has been maintained regularly since 1997 by the 
Alfred Wegener Institute from Germany and the Norwegian Polar Institute, providing 
information on the general circulation patterns in the strait and the variability and 
seasonal signals of the currents (Fahrbach et al., 2001; Schauer et al., 2004; Schauer and 
Beszczynska-Möller, 2009; de Steur et al., 2014; von Appen et al., 2015). These data, 
although providing good temporal coverage, are spatially sparse (e.g. Schauer and 
Beszczynska-Möller, 2009, Fig 2). In this study ADCP data measured from onboard 
two research vessels (IB Oden in 2002 and RV Polarstern in 2004) are used. 
LADCP velocities have the same horizontal coverage as the CTD measurements 
and are averaged to 10 m bins from close to the surface to the depth of the station cast 
(paper II). LADCP data are available from the two sections north of the Fram Strait in 
2002 and are used to compute volume transports. A velocity component perpendicular 
to a line connecting the CTD station locations is chosen in order to compare the results 
with those from geostrophy. 
Vessel-mounted ADCP provides current information for the uppermost few 
hundred meters along the cruise-track. These data are used in paper IV to estimate 
transports for the two uppermost water masses: surface water (averaged over 35-55 m) 
and AW (averaged over 155-255) and to compare the results to those from geostrophy. 
 
5.5 Drift derived from Argo floats 
 
Profiling Argo floats are measuring the hydrography and drift in the oceans year-round, 
in the Greenland Sea since 2001. In paper V two sections, one from the Fram Strait at 
79 °N and the other crossing the Greenland Sea at 75 °N, are combined. The drift 
estimated from the Argo floats is used to modify the geostrophic velocities. The flow in 
the Greenland Sea is cyclonic along the rims of the deep basin (e.g. Voet et al., 2010). 
The drift is estimated from Argo floats with parking depths mainly at 1000 dbar and 
some at 1500 dbar, considered to be representative of the drift at 1000 dbar by Voet et 
al. (2010). Argo velocities are estimated from two consequent surface observations: the 
last location before the dive and the first location after the dive. The computed velocity 
is assigned to a midpoint between the two locations. The Argo-based velocities are 
averaged over 1 degree squares at 75 °N latitude. The cyclonic flow is visible as large 
southward velocities in the west and northward velocities in the east. A linear fit is 
found for the Argo float derived velocities at 75 °N and used to modify the geostrophic 
velocities before applying the 4 constraints in paper V. 
 
5.6 Heat and freshwater transports 
 
The heat and freshwater transports through the Fram Strait have an important impact on 
the Arctic climate. With the observations covering the Fram Strait, but not the other 
gateways to the Arctic Ocean, namely the Barents Sea, Bering Strait, and CAA, the 
transports to and from the Arctic Ocean cannot be balanced. The transports of relative 
heat and freshwater are nevertheless computed relative to a reference temperature and 
salinity, but the results are rather arbitrary (Schauer and Beszczynska-Möller, 2009; 
Tsubouchi et al., 2012). 
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In paper I the volume transports are computed through a section located in the 
Fram Strait. The relative heat transport is computed relative to the mean temperature of 
the southward flow and the freshwater transport relative to the mean salinity of the 
northward flow so that the mean southward flow carries no heat and the mean 
northward flow carries no freshwater. The largest possible transports of heat and 
freshwater with the estimated velocities through the strait are obtained. 
Heat loss and freshwater gain are estimated inside a box closed by the 79 °N 
section in the Fram Strait and a northern section (paper IV) or a Greenland Sea section 
at 75 °N (paper V) (Fig. 8). 
 
5.7 Water mass definitions 
 
Waters in the ocean of different origin are traditionally defined using temperature-
salinity curves (e.g. Helland-Hansen, 1918; Mamayev, 1975). Chemical and biological 
observations can also be used for further separation of the water mass origins (e.g. Jones 
and Anderson, 2008). In this work, six water mass classes are defined (Table 3, from 
e.g. paper V, Table A2), separated mainly by isopycnals based on and simplifying the 
classification of Rudels et al. (2005): surface water, AW, dense Atlantic water (dAW), 
intermediate water and deep water layers I (less dense) and II (more dense). In the 
figures and in their interpretation some water masses are divided further, as in Rudels et 
al. (2005): surface water is subdivided into warm and cold surface waters along the 0 °C 
isotherm; AW is divided by the 2 °C isotherm into colder Arctic Atlantic water (AAW) 
that has circulated in the Arctic Mediterranean, and into warmer Atlantic water from the 
south; deep waters are separated according to a salinity of 34.915 into the less dense 
Nordic Seas Deep Water (NDW) and Arctic Ocean derived deep waters: Canadian 
Basin Deep Water (CBDW) in the Deep Water I densities, and Eurasian Basin Deep 
water (EBDW) in the Deep Water II densities (e.g paper I, Figure 13.5). 
The surface water in the Fram Strait and Nordic Seas contains sea ice melt 
water, river runoff and precipitation, AW that has been diluted with them, and 
occasionally water of Pacific origin (e.g. Falck et al., 2005; Rabe et al., 2013; Rudels et 
al., 2013). In this work, any water mass with sufficiently low density is defined as 
surface water. 
In paper IV the amount of AW recirculating in the Fram Strait is estimated from 
the density-based water mass classification for AW, and from the volume transports. 
In paper II the intermediate layer is divided into AIW and uPDW based on the 
excess SF6 contained in the 2002 data that is present in the AIW originating from the 
Nordic Seas. The AIW forms a salinity minimum, and during the earlier years also a 
temperature minimum near its origins, but separating the two water masses based on the 
temperature and salinity curves in a θS diagram is only possible for the most typical 
profiles close to their origins. 
In paper V a triangle method (Mamayev, 1975) is used to describe the properties 
of the deep water masses in order to distinguish between waters of Arctic Ocean and 
Nordic Seas origins, as the Greenland Sea deep water has gradually become warmer and 
more saline making it impossible to identify the deep waters in the Fram Strait based on 
their salinities only. Three triangles are formed with the following vertices: 1) AIW - 
CBDW - NDW, 2) EBDW - NDW - CBDW, and 3) EBDW - GSDW - NDW, where 
GSDW is the Greenland Sea Deep water (Fig. 7). Water mass values inside the triangles 
can be described as mixtures of the water mass properties found at the vertices, whose 
proportions can be solved from equations (11). 
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Table 3: Water mass definitions from Rudels et al. (2005) and paper I. 
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6.1 Volume transports 
 
Oceanic transports between the Arctic Ocean and the Nordic Seas through the Fram 
Strait are in this work estimated from hydrographic sections taken between 1980 and 
2010 (Table 2, Figs. 8, 9). In paper I the net volume transport obtained from geostrophy 
with constraints applied on deep waters and averaged over 1980 to 2005 (summertime 
snapshots) is 2.5 ± 1.3 Sv southward, with an additional 0.3 Sv over the Greenland 
continental shelf. The obtained mean net transports are balanced with transport 
estimates at the other passages to the Arctic Ocean: Bering Strait, CAA, and the Barents 
Sea Opening, as well as with river runoff and precipitation - evaporation, and the 
volume transport is reduced to 1.7 Sv southward. The northward and southward flows 
range from 5 Sv to almost 15 Sv with an average inflow to the Arctic Ocean of about 6 
Sv and an outflow of about 9 Sv (Fig. 10). In paper I it is estimated that more than 60% 
of the inflow to the Arctic Ocean and 80-90% of the outflow pass through the Fram 
Strait. 
The volume transports are also estimated in papers II, IV and V, and 
preliminarily in paper III similarly to paper IV. In paper II the section is located north of 
the standard 79 °N section and has a gap in the middle. The net volume transport to the 
east of the gap is 3.6 Sv northward and to the west of it 5.1 Sv southward. At the gap the 
transport is roughly estimated at 0.5 Sv northward resulting in a net volume transport 
across the whole section of 1.0 Sv. The transports are also estimated for the 2002 
northern section using lADCP data, resulting in about three times larger northward and 
southward volume transports with a net transport that is close to zero. Errors may be 
due to the gap in the section, to two of the deep stations not reaching deeper than 1200 
dbar, to the step-like bathymetry used to calculate the transports at the slopes or to 
poorly-resolved de-tiding near the Yermak Plateau. 
In papers IV and V quasi-closed boxes are formed and the transports are 
balanced by applying constraints. In paper IV the transports are estimated through 
sections in the Fram Strait and north of it. The net volume transport obtained for four 
years between 1984 and 2004 vary between 2 and 4 Sv averaging at 3.1 Sv, with the 
northward and southward transports about 10 Sv or less (Fig. 10). 
In paper V the transports are estimated through sections in the Fram Strait and 
across the Greenland Sea along 75 °N. The net volume transports are first estimated at 
1.9 ± 1.0 Sv southward, a rather similar result to the estimates in the previous papers. 
When velocities estimated from the Argo floats are used to modify the velocities at 
1000 dbar depth in the Greenland Sea section, the transports are reduced to 0.8 ± 1.5 Sv 
southward. The northward volume transports are in the Greenland Sea section 16 ± 2 Sv 
and southward 17 ± 2 Sv. In the Fram Strait section the volume transports are 10 ± 3 Sv 
northward and 11 ± 3 Sv southward (Fig. 10). Woodgate et al. (1999) estimated the 
southward transport within the EGC at 21 ± 3 Sv through the Greenland Sea section, 
with a minimum of 11 Sv in summer and maximum of 37 Sv in winter, based on current 
meter moorings in 1994-1995. The results obtained in this work are reasonable, 
although geostrophy is expected to underestimate the northward and southward 
transports since the barotropic currents are not appropriately resolved. 
The individual northward and southward volume transports increase toward the 
end of the 1980-2005 period, which is likely due to the denser station spacing in the 
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Figure 10. Volume transports through the Fram Strait. Red northward, blue southward, and 
black net. Solid line 1980-2005 time series with deep constraints, stars: 1984-2004 from quasi-
closed boxes, dashed line: 1999-2010 time series from quasi-closed boxes with Argo 
adjustment, and dotted line: 1999-2010 from quasi-closed boxes without Argo adjustment 
 
later years allowing for more eddies to be at least partially captured. The net volume 
transports between 1980 and 2010 are variable but do not show a trend (Fig. 10). The 
choice of constraints affects the results (see paper IV, Table A1) as does the chosen 
level of no motion, or in the case of a reference velocity e.g. from the Argo floats (paper 
V), level of "known motion". 
The box method in paper V gives a possibility to estimate the deep transport that 
was assumed to be a constant 0.4 Sv southward below the 28.06 isopycnal in paper I for 
the time period 1980-2005. The deep transports in the Fram Strait estimated from the 
Fram Strait - Greenland Sea double sections, with Argo adjustment and 4 constraints 
applied, and with northward transport positive and southward transport negative, are 
shown in Table 4a: 
 
Year V northward [Sv] V southward [Sv] V net [Sv] 
1999 0.89 -0.99 -0.11 
2000 0.86 -0.76 0.09 
2001 1.70 -0.69 1.01 
2002 1.34 -1.99 -0.65 
2004 0.75 -1.29 -0.53 
2005 0.94 -1.34 -0.41 
2008 1.48 -1.14 0.34 
2010 2.09 -2.13 -0.05 
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giving a mean deep volume transport -0.10 ± 0.61 Sv for the time period 1999-2005, 
overlapping with the period in paper I. Excluding 2001, which has a northward net 
volume of about 2 Sv, gives -0.32 ± 0.31 Sv. This is close to the -0.4 Sv used in paper I. 
 
Applying the four constraints but without the Argo adjustment gives Table 4b: 
 
Year V northward [Sv] V southward [Sv] V net [Sv] 
1999 0.71 -0.92 0.21 
2000 0.76 -0.77 -0.01 
2001 1.17 -1.06 0.11 
2002 1.31 -1.88 -0.57 
2004 0.79 -1.15 -0.36 
2005 0.98 -1.30 -0.31 
2008 1.13 -1.26 -0.13 
2010 2.04 -2.15 -0.10 
 
with a mean deep volume transport -0.15 ± 0.30 Sv for the time period 1999-2005. 
The zonal sections in the Fram Strait and in the Greenland Sea are divided into 
4-5 sub-sections: The Svalbard slope; the deep basin divided in two by the Greenwich 
meridian; and the Greenland continental shelf slope. The Greenland shelf, or its eastern 
part, is included as a 5th section part when data are available. The volume transports are 
up to 1 Sv southward over the Greenland continental shelf, but average to about 0.3-0.5 
Sv southward in paper I and 0.4 ± 0.4 Sv southward in paper V. The most consistent 
southward flow is found over the western slope and northward in the WSC over the 
eastern, Svalbard slope. 
 
6.2 Water mass properties 
 
The upper layer water mass properties vary quite significantly depending on which part 
of the Fram Strait or the 75 °N section they are located in, with the coldest, least saline, 
and least dense surface water located in the Greenland continental shelf and slope. In 
the eastern parts of the sections in particular, AW can be found in the surface layer. The 
surface waters in the Fram Strait section are in general colder, less saline, and especially 
in the western slope less dense than at the 75 °N section. The surface waters in the 
section north of the Fram Strait are colder than at the Fram Strait section and tend to 
become less saline as they flow southward to the Fram Strait, reflecting ice melt in 
between sections. 
The Atlantic waters are most saline and warmest in the eastern parts of the Fram 
Strait and the 75 °N section where the net volume flow of AW is northward. The 
warmest and most saline AW is found at the 75 °N section and coldest and least saline 
at the sections north of the Fram Strait. Besides the recirculation in the Fram Strait, part 
of the southward-flowing AW has circulated in the Arctic Ocean and become cooled 
and due to mixing less saline. As this southward flowing AAW (Rudels et al., 2005) 
mixes with the surrounding waters it becomes warmer and more saline in the more 
southern sections (Fig. 9). 
Warm anomalies of AW were first reported to occur in the Fram Strait and 
continue into the Arctic Ocean by Quadfasel et al. (1991). A more recent warm pulse 
took place in 2005-2006 (e.g. Walczowski et al., 2012). During the 1999-2010 time 
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series AW has become about 0.4 °C warmer and 0.005 more saline largely due to the 
mid-2000s warm anomaly. In the earlier 1980-2005 time series, the warm and saline 
AW can also be found in the Fram Strait in 1983 and 1984. The difference between the 
northward- and southward-flowing AW in the Fram Strait varies between 0.0 and 1.0 
°C, being about 0.6-0.7 °C during 1983-1984, otherwise smaller in the 1980s, and with 
the largest differences occurring in the late 1990s.  During the 1999-2010 the difference 
between the northward- and southward-flowing AW in the Fram Strait has diminished 
from 0.4 to 0.1 °C. A likely cause for the reduction in the temperature difference in the 
Fram Strait is the warmer westward recirculation in the Fram Strait in the 2000s 
reported by e.g. Beszczynska-Möller et al. (2012) and de Steur et al. (2014). In the 75 
°N section the temperature difference between northward and southward AW remains at 
about 0.5 °C during 1999-2010. From 1984, 1997, 2002 and 2004 northern sections the 
AW is found to have a difference of 0.1-0.4 °C between the northward and southward 
transports. The difference between the northward-flowing AW in the Fram Strait section 
and the northern section varies between 0.6-0.9 °C. In the southward flow the difference 
shows greater variation, partly due to the different locations of the northern section. The 
northern-most section is from 2004, the difference between the northern section and the 
Fram Strait section then is 1.5 °C, perhaps reflecting the warm recirculation in the Fram 
Strait, but also the presence of more, cooler AAW returning southward. The dAW 
properties show similar variability to that of AW. 
The intermediate waters are separated into AIW and uPDW in paper II based on 
excess SF6 concentrations. The salinity minimum of AIW is created in the Nordic Seas 
by the convection of low-salinity water to the deeper layers. It can be used to 
distinguish AIW from uPDW that has formed within the Arctic Ocean, especially at 
stations close to its formation. Further away from the source the signature becomes 
weaker as the water masses mix with surrounding waters. AIW in the Greenland Sea 
has become warmer and more saline in the 2000s which is reflected in the averaged 
intermediate water properties. 
The intermediate and deep waters have become warmer and more saline during 
the observation period, especially in the Greenland Sea. In the Fram Strait the trend in 
salinity is not clear and there are more fluctuations, especially in the intermediate water 
properties, similar to that found in AW. 
The deep waters have in this work been separated in two density classes, but 
also based on their Arctic Ocean or Greenland Sea origins by a constant salinity 34.915 
(Table 3; Rudels et al., 2005; paper I). Since the salinity of the GSDW has increased 
due to a weakened convection and interaction with the Arctic Ocean deep waters 
(Budéus et al., 1998), this separation is no longer valid, and deep waters have therefore 
also been separated using water mass triangles in paper V (Fig. 7). While the deep 
waters have in general also become warmer during the three decades studied in this 
work, the changes in the Arctic Ocean are much smaller than in the Greenland Sea. The 
intermediate and deep waters in the in the sections north of the Fram Strait are warmer 
and more saline than the corresponding water masses in the Fram Strait section, 
showing a greater influence from the Arctic Ocean deep waters. The deep waters 
continue to be warmer and more saline at the Fram Strait than at the Greenland Sea 
section. The GSDW is warming by about 0.01 °C/year and becoming more saline by 
0.007/year. 
In the central parts of the basins the differences in the water mass properties 
between southward- and northward-flowing waters are small. The water mass properties 
of northward and southward flows are averaged. Small-scale eddy motions can make 
waters with the same properties cross the strait in both directions, also since the 
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geostrophic velocities are computed between two hydrographic stations and the same 
temperature and salinity properties are combined with two different velocities on both 
sides of a CTD station (Fig. 6). 
 
6.3 Volume transports of different water masses 
 
The observed net outflow from the Arctic Ocean through the Fram Strait occurs mainly 
as low salinity and cold surface water, mostly over the Greenland continental slope, and 
as dAW and intermediate waters. The estimated net volume transport on the Greenland 
continental shelf varies from 0.1 to 1.0 Sv southward, partly due to the varying length of 
the sections, and consists mainly of surface water, and some AW. The cold and low 
salinity surface water carried by the EGC continues southward through the Fram Strait 
and is also found at the southern Greenland Sea section (paper V). The net volume 
transport of surface water through both the Fram Strait and Greenland Sea sections are 
of about equal size, 0.6-0.7 Sv southward. 
The northward flow of AW in the eastern parts of the sections is larger than the 
southward flow of the cooler AW. In paper V the net volume transport of AW is 
estimated at 0.9 Sv (0.5-1.8 Sv) northward through the whole width of the 75 °N section 
and 0.7 Sv northward (0.0-1.3 Sv) through the Fram Strait section. In the earlier papers 
the net AW volume transport is estimated at about 0.1 Sv northward with large 
variability. About 1.4 Sv AW and dAW are estimated to flow northward past the section 
north of the Fram Strait in 2002 (paper II). The net volume transports of dAW are about 
0.5-1.0 Sv southward through each of the three section locations. 
The net intermediate water transports are southward and for 1999-2010 about 
0.5 Sv. For the 1980-2005 time series the net volume transport varies between 0.6 to 1.4 
Sv southward being about twice as large as that obtained from the quasi-closed boxes in 
1999-2010 for the overlapping years 1999-2005. The net outflow of the intermediate 
water derives largely from the Barents Sea branch that enters the Arctic Ocean via the 
St. Anna Trough, also some of the southward flowing AW is deriving from the Barents 
Sea branch. The northward transport of AIW originating in the Nordic Seas is estimated 
from 2002 Oden data when excess SF6 is available and can be used to distinguish AIW 
from the uPDW originating in the Arctic Ocean. It is estimated from geostrophic 
computations that 0.8 Sv intermediate water enters the Arctic Ocean across the section, 
of which 70% is AIW based on SF6 concentrations; i.e. 0.5 Sv of AIW would enter the 
Arctic Ocean. 
The bifurcation of the Fram Strait branch at intermediate depths is observed as 
positive excess SF6 concentrations, deriving from the mixing experiment in the 
Greenland Sea, as it flows toward the Arctic Ocean. One branch follows the Yermak 
Plateau along its western flank and the other branch flows northward close to Svalbard 
(Rudels et al., 2000). Both of these branches are assumed to meet north of Svalbard and 
enter the Arctic Ocean (paper II, Figure 1), but whether the western branch northwest of 
the Yermak Plateau first  branches off with part of it following the slopes around the 
Sofia Deep, as suggested in paper II, has not received significant support. 
CBDW flows southward in the western part of the Fram Strait, both over the 
slope and the deep basin. EBDW flows southward in the deep basins, but some 
recirculation of it is also observed as a northward flow in the eastern deep basin. NDW 
flows in both directions in the Fram Strait. On the Svalbard slope and in the deep basins 
its northward flow is larger than the southward. The deep transports in paper I are 
constrained with constant volume and salt transports. These volume transports are also 
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computed from the newer estimates, and the use of 0.4 Sv southward as a deep 
constraint seems reasonable (Table 4). The net volume transports of the deep waters are 
small, partly due to the step-wise bottom topography and the choice of setting the initial 
velocities to zero near bottom. 
The exchange rate of the deep waters between the Fram Strait and the Greenland 




Besides the strong currents on both sides of the Fram Strait, WSC to the east and EGC 
to the west, a substantial amount of recirculation takes place in the strait. Narrow 
barotropic and baroclinic eddies have been found to drift westward along the Fram 
Strait sill (e.g. Teigen et al., 2011). 
The recirculation in the Fram Strait is estimated in paper IV: firstly from two 
zonal sections, as northward volume transport through the 79 °N section minus 
northward volume transport through the northern section attaining 2 Sv for the Atlantic 
waters, and secondly through a meridional section across the Greenwich meridian 
reaching from 78 °N to 80 °N resulting in somewhat less. 
The westward circulation in the Fram Strait can also be observed from the drift 
of the Argo floats with 1000 dbar parking depth (paper V, Figure 2). The Argo data 
located in the vicinity of the Fram Strait are still sparse. Based mainly on the meridional 
sections in paper IV, the recirculation in the Fram Strait is estimated to be strongest 
close to the 79 °N latitude. 
This work as well as previous and later studies (Bourke et al., 1988; Rudels, 
1987; Manley, 1995; de Steur et al., 2014) result in the same estimate that about half of 
the northward-flowing AW in the Fram Strait recirculates back to the south. 
 
6.5 Heat transports 
 
About one quarter of the Arctic Ocean's heat flux is carried through the Fram Strait as 
estimated by Tsubouchi et al. (2012). The heat transport through the Fram Strait derives 
mostly from the warm and saline AW and is in paper I estimated as 25 TW northward 
using a varying reference temperature. The mean of the varying reference temperatures, 
as the average temperature of the flow out of the Arctic Ocean through the strait from 
the observations 1980-2005, is about 0.7 °C. Using the commonly used reference 
temperature -0.1 °C the heat transport reduces to 17 TW. The value obtained from 
current meter moorings is about 40 TW during the study period (Schauer et al., 2004) 
and somewhat less using a stream tube concept to avoid the arbitrary nature of the 
results obtained through an unbalanced section (Schauer and Beszczynska-Möller, 
2009). 
In papers IV and V quasi-closed boxes are formed and the heat loss in areas 
closed by CTD sections to the north and south and continental shelf slopes to the east 
and west is estimated. The results are nearly independent of the reference values. The 
heat loss from the more southern of these two areas, between the Greenland Sea section 
and the Fram Strait section, is estimated at 9 ± 12 TW from 1999-2010 data. From the 
area north of the Fram Strait the heat loss as averaged over 3-4 years between 1984 and 
2004 is estimated at about 11 TW. 
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6.6 Freshwater transports 
 
The freshwater is carried out of the Arctic Ocean in roughly equal parts of ice and liquid 
water (Carmack et al., 2015). Most of the ice and almost half of the liquid freshwater 
exits the Arctic Ocean via the Fram Strait (Aagaard and Carmack, 1989; Dickson et al., 
2007; Tsubouchi et al., 2012). In this work the liquid freshwater transports are 
estimated. 
The liquid freshwater transports through the Fram Strait occur mostly in the 
surface layer and are mainly due to ice melt, river runoff and water diluted by these 
inputs exiting the Arctic Ocean. Freshwater export as sea ice is about 70-100 mSv 
(Vinje, 2001; Kwok et al., 2004; Carmack et al., 2015). In paper I the freshwater 
transport through to the Fram Strait is estimated as 30-50 mSv southward between 6 °W 
and 9 °E, and as 0.65 mSv when the transport across the Greenland continental shelf is 
included. A significant amount of the freshwater transport takes place over the 
Greenland shelf and is often lacking from the results in paper I due to varying section 
lengths, and to the stations only covering part of the shelf (Fig. 8). The freshwater 
transport is less sensitive to the reference value than heat transport. 
The freshwater transports are also estimated in papers IV and V using a 
reference salinity 34.9 (V), 34.8 (IV) and a mean salinity from the sections forming the 
quasi-closed box (IV). The freshwater transports obtained in paper IV are below 60 
mSv through the 79 °N section and about 20 mSv through the northern section, 
implying that about 40 mSv of the freshwater input between the sections in the 
summertime would be mainly due to ice melt. The precipitation in the area contributes 
to a small degree. The freshwater transports through the Fram Strait section are in paper 
V estimated at 66 ± 9 mSv and through the 75 °N section at 54 ± 20 mSv. This Fram 
Strait value is somewhat smaller than the less than 100 mSv value estimated by e.g. 




7.1 Volume transports 
 
The net volume transports through the Fram Strait estimated in this work based on 
hydrography with varying sets of constraints applied range from 4.6 Sv to the south in 
1998 with constraints set on the deep waters (paper I) to 2.4 Sv northward from quasi-
closed boxes between the Fram Strait and the Greenland Sea and using the velocity 
information from the Argo floats in 2001 (paper V, Fig. 3). The net volume transports 
averaged for 1980-2005 are 2.5 Sv + 0.3 Sv southward (paper I), or 1.7 Sv from budget 
considerations, 3.1 Sv southward averaged from 4 years of data from quasi-closed 
boxes between 1984-2004 (paper IV) and 0.8 ± 1.5 Sv southward for 1999-2010 (paper 
V) (Fig. 10). The net volume transports in the Fram Strait have been continuously 
monitored from current meter moorings since 1997. The transports are highly variable, 
albeit with a decrease in variability since 2001 when the mooring location was moved 
from 79 °N to 78 °50 'N (de Steur et al., 2014). The northward and southward volume 
transports (monthly means) vary between slightly over 5 Sv to over 20 Sv in both 
directions and the net volume  for 1997-2005 is 1.75 ± 5.01 Sv (Fieg et al., 2010), and 
for 1999-2010 2.8 ± 3.5 Sv (Schauer and Beszczynska-Möller, 2009, extended 
timeseries). Although a seasonal signal is present in the WSC with a wintertime 
maximum (e.g. Fahrbach et al., 2001; Schauer et al., 2004) and in the EGC at 78 °50 'N 
with a winter maximum and summer minimum (de Steur et al., 2014) no clear seasonal 
signal is found in the net volume transports except between 2002-2005 (Schauer and 
Beszczynska-Möller, 2009, Fig. 5). The estimates presented in this work for the volume 
transports agree well with those obtained from the current meter moorings and from 
models (e.g. Fieg et al., 2010), both for the net and individual northward and southward 
volume transports, partly due to the large variability in the mooring results. The mean 
volume transports based on geostrophic estimates are smaller than the mean volume 
transports estimated from the current meter moorings. The results based on 
hydrographic data offer summertime snapshots and add to the ensemble of estimates for 
the Fram Strait transports. However, aliasing can occur especially during the earlier 
years of data due to sparse station spacing that allows baroclinic and barotropic eddies 
present in the Fram Strait to evade detection.  The Ekman transport is largely ignored in 
this work; in paper IV its effect on the net surface flow is estimated to be small in the 
Fram Strait during the time of observations due to a varying wind field. 
The smallest net volume transports of 0.8 Sv southward are estimated in paper V 
using a linear fit to the Argo data. The small net volume is partly due to having one year 
with high net northward transport; excluding that year, the net transports would be 1.2 
Sv southward. This is better in agreement with other estimates, but still low (Fig. 10). 
Without the Argo adjustment the transports are 1.9 Sv southward, but the AW transport 
reduces from 0.7-0.8 Sv northward to 0.1 Sv northward. Since the AW, having entered 
the Arctic Ocean also through the Barents Sea, mostly returns through the Fram Strait, 
determining which estimate is better would require a more thorough investigation of the 
water mass transformations than is presented in this work, including not just the surface 
water, containing diluted AW, the colder and deeper lying dAW, but also some of the 
intermediate and even deep waters formed in the Arctic Ocean through cascading of 
dense shelf waters. However, the net volume transports obtained in this work for the 
Fram Strait can be judged against volume transport estimates for the other entrances to 
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the Arctic Ocean (Fig. 5). Taking the given error margins and variance in the given 
transport estimates through the other passages, net volume transport through the Fram 
Strait could vary between 0.95 and 3.2 Sv southward and the Arctic Ocean volume 
budget could still be balanced. 
The transports are in this work estimated from hydrographic data using the 
geostrophic method. LADCP data have been used to estimate the transports north of the 
Fram Strait in 2002 and vessel mounted ADCP in 2004. The use of CTD stations for 
estimating the transports instead of current meter moorings in the Fram Strait where an 
array of current meter moorings has been maintained regularly since 1997 is justified 
with their finer spatial resolution than that of current meter moorings. The temporal 
resolution with cruises mainly from the summertime is much worse. The geostrophic 
method cannot determine the barotropic transports, something that in this work is 
compensated for by not allowing the slope currents to flow in a direction other than that 
shown by the current meter moorings (all papers), and by using velocities obtained from 
the Argo floats to adjust the geostrophic velocities (paper V). Using ADCP velocities as 
a level of known motion for the geostrophic velocities has its difficulties since the shape 
of the velocity profiles obtained through direct current measurements differs from that 
obtained through geostrophy, the current meters capturing shorter time scale events than 
geostrophy. The transports are in paper II computed both from the lADCP derived and 
geostrophic velocities, and the lADCP derived northward and southward transports are 
3-4 times higher. Both methods have their shortcomings, e.g. geostrophy lacks a 
representation for the barotropic part and lADCP data contains short term fluctuations, 
making the observations not synoptic. 
The Fram Strait branch can be seen bifurcating based on the location of the 
excess SF6 data, supporting the existing view (e.g. Rudels et al., 2000) that some of it 
flows around the Yermak Plateau and some takes a straighter route into the Arctic 
Ocean. 
 
7.2 Water masses 
 
The Fram Strait is the only deep passage between the Arctic Ocean and the rest of the 
world's oceans. Water masses pass through it as well as recirculate in it. On the eastern 
side, WSC carries warm and saline AW; on the western side EGC carries cold and low-
salinity surface water. The deep waters from the Nordic Seas are transported northward 
and the Arctic Ocean waters southward. They mix with the surrounding waters along 
their way to the Fram Strait, within the Fram Strait (von Appen et al., 2015), and after 
having passed through it.  
The surface layer in the Fram Strait mainly consists of water from river runoff, 
ice melt and diluted AW, precipitation and occasionally Pacific water from the Bering 
Strait (e.g. Rabe et al., 2013). The properties are highly variable, both spatially across 
the strait and temporally, being also affected by climate change. 
The northward-flowing AW varies in its properties and extent. There have been 
warm pulses in the past and a warming trend in the 2000s with a maximum in 2006 
(Beszczynska-Möller et al., 2012, extended time series). The southward-flowing AW is 
less saline and cooler than the northward-flowing, as expected from cooling and mixing 
in the Arctic Mediterranean. 
The AIW properties have changed, and AIW has become warmer and more 
saline at its origins in the Nordic Seas. Of the intermediate waters flowing northward 
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through the Fram Strait 70% was estimated as AIW based on the SF6 concentrations, 
0.5 Sv of AIW would then enter the Arctic Ocean. 
The deep waters in the Arctic Ocean have ventilation times of up to several 
hundreds of years and while their temperatures during these 3 decades of observations 
have risen only slightly and salinities remained about the same, the deep waters in the 
Greenland Sea have undergone drastic changes and continue to become warmer and 
more saline as they interact with the Arctic Ocean derived deep waters, while the 
Greenland Sea convection hardly reaches 2000 dbar thus not ventilating the deep 
waters. The properties of Arctic Ocean- and Nordic Seas-derived deep waters have 
become similar. Future studies will show if and how this will affect the circulation 
patterns in the northern seas together with other factors e.g. expected increase in 
precipitation, but perhaps also in evaporation, and less sea ice. 
7.3 Recirculation 
 
The recirculation in the Fram Strait is estimated using zonal and meridional sections. 
About 2 Sv, approximately half of the AW reaching the Fram Strait is estimated to 
recirculate south-westward in the strait. Other studies are currently giving similar 
estimates for the recirculation based on e.g. moorings (de Steur et al., 2014). 
 
7.4 Heat and freshwater transports 
 
During the 1980-2005 observation period in paper I the salinities of the northward flow 
in the Fram Strait range between 34.8 and 35 and average at 34.92. The mean salinity of 
the southward flow is about 34.8. The freshwater transport relative to the inflow salinity 
ranges between 20 and 100 mSv with the mean at 40 ± 10 mSv. From the 1999-2010 
time series, 66 mSv at the Fram Strait is obtained using a reference salinity of 34.9. The 
results are in the same range but lower than those by Rabe et al. (2013) or Carmack et 
al. (2015). 
Freshwater is gained in the box north of the Fram Strait, but lost from the 
southern box between the Fram Strait and the Greenland Sea, with large variability.  
The heat loss from both the area north of the Fram Strait and south of it, closed 
by CTD sections, was estimated at about 10 TW. This compares well with the estimate 
of heat loss of 12.7 TW by Cisewski et al. (2003) for 1997 between a section in the 
Fram Strait at 79 °40 'N and a section at 75 °N using a constant net volume of 1.6 Sv 
southward and ship mounted ADCPs to adjust geostrophic velocities. 
 
7.5 Future needs 
 
Reports of  climatic changes taking place in the Arctic occur frequently in the news. 
Among them, release of methane, melting permafrost, melting sea ice, and changes in 
weather patterns give cause for alarm. The icy Arctic as we know it appears to be 
vanishing, leaving dark winters and light summers as a poor consolation. The Arctic 
feedback systems are difficult to study and even harder to predict due to their complex 
nature. New measurements are crucial in improving our understanding of the Arctic. 
The Arctic Ocean is becoming more easily accessible and improved observational 
instruments are being developed. In this work, in addition to ship-borne measurements 
and a traditional method of geostrophy, data from Argo floats are used to study the 
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circulation. The Argo floats are profiling floats that also provide information about 
temperature, salinity and possible additional parameters, providing year-round 
information. Most of them only make profiles to 2000 dbar, but they are being 
developed for deeper measurements too, and at present 10 of the nearly 4000 Argo 
floats drifting in the oceans are capable of performing deep profiles down to 6000 dbar. 
A combination of deeper measurements and the ability to collect measurements in ice-
covered waters (or in an ice-free Arctic Ocean), could help bring such understanding. 
For estimations at the Arctic Ocean budgets, all the water transport gateways 
need to be monitored densely and continuously over a longer period of time in order to 
capture data on how the variability at one entrance is reflected at another, and with what 
time lag. This could lead to a balanced picture of the Arctic's oceanographic system. 
Modelling is needed to fill gaps in observational data and in making future 
predictions. Observations are needed to keep track of the changes taking place in the 
northern seas and to improve the model accuracy. Possibly there still are some 
discoveries to be made in the Arctic waters. 
7.6 A short summary 
 
The Fram Strait has been the subject of many studies. The results in this work 
contribute to these efforts. Transports estimated from double sections bring reliability to 
the obtained volume and freshwater transports and allow for estimating the heat loss 
from areas north and south of the Fram Strait. The recirculation of AW is found to be 
similar to that presented in the 1980s. The tracer SF6 allows for distinguishing between 
AIW and uPDW in the Fram Strait and to estimate how much AIW is transported 
through the Fram Strait into the Arctic Ocean. During the study period the properties of 
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AAW = Arctic Atlantic water 
ADCP = Acoustic Doppler Current Profiler 
AIW = Arctic Intermediate Water 
ASOF = Arctic-Subarctic Ocean Fluxes 
AW = Atlantic water 
BG = Beaufort Gyre 
CAA = Canadian Arctic Archipelago 
CB = Canadian Basin, also known as Amerasian Basin 
CBDW = Canadian Basin deep water 
CBL = Chukchi Borderland 
CFC = chlorofluorocarbon 
CTD = Conductivity, Temperature, Depth; an instrument measuring conductivity, 
temperature and pressure 
DAMOCLES = Developing Arctic Modelling and Observing Capabilities for Long-
term Environmental Studies  
dAAW = dense Arctic Atlantic Water 
dAW = dense Atlantic water 
EB = Eurasian Basin 
EBDW = Eurasian Basin deep water 
EGC = East Greenland Current 
FHS = Fury and Hecla Strait 
FJL = Franz Josef Land 
FS = Fram Strait 
GSDW = Greenland Sea deep water 
IAW = Intermediate Arctic Water 
lADCP = lowered Acoustic Doppler Current Profiler 
IPY = International Polar Year (2007-2009) 
NCC = Norwegian Coastal Current 
NDW = Nordic Seas Deep Water 
NEMO = Nucleus for European Modelling of the Ocean 
PSW = Polar Surface Water 
SAT = St Anna Trough 
SD = Sofia Deep 
SF6 = sulphur hexafluoride 
TPD = Transpolar Drift 
uPDW = upper Polar Deep Water 
VEINS = Variability of Exchanges in the Northern Seas 
WSC = West Spitsbergen Current 
wSW = warm Surface Water 
YP = Yermak Plateau 





In paper I the following information is missing from Table 13.1: Year 2003, Vessel RV 
Lance, programme ASOF, 21 stations between 6 °W and 9 °E, and 12 stations on the 
shelf. 
 
In paper IV the equations B1 are incorrect in the appendix B. The Ck should be removed 
or there should be "+" instead of" = -" for all of the constraints (1) – (6)  
